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Edited by Peter BrzezinskiAbstract Human dUTPase, essential for DNA integrity, is an
important survival factor for cancer cells. We determined the
crystal structure of the enzyme:a,b-imino-dUTP:Mg complex
and performed equilibrium binding experiments in solution.
Ordering of the C-terminus upon the active site induces close
juxtaposition of the incoming nucleophile attacker water oxygen
and the a-phosphorus of the substrate, decreasing their distance
below the van der Waals limit. Complex interactions of the
C-terminus with both substrate and product were observed via
a speciﬁcally designed tryptophan sensor, suitable for further de-
tailed kinetic and ligand binding studies. Results explain the key
functional role of the C-terminus.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Flexible C-terminus1. Introduction
The ubiquitous dUTPase enzyme keeps cellular dUTP/dTTP
ratios at a low level to prevent uracil incorporation into DNA
[1,2]. Lack of the enzyme overloads the capacity of base-exci-
sion repair leading to chromosome fragmentation and thymine
less cell death. In human cancer cells, the enzyme was pro-
posed to be an important survival factor desensitising tumours
against drugs perturbing thymidylate metabolism [3,4]. High
levels of the nuclear isoform of human dUTPase correlates
with bad prognosis in several tumours [5,6]. Targeting dUT-
Pase was therefore suggested as a promising approach in com-
bination with drugs already in clinical use against thymidylate
synthase and dihydrofolate reductase.
The human enzyme, like most dUTPases, is a homotrimer
with three active sites constructed from ﬁve highly conserved
motifs and located at subunit interfaces [7]. The ﬂexible C-ter-
minal segment, essential for activity [8,9], was proposed to
close over the active site pocket upon substrate binding
[7,10–12]. Due to its ﬂexibility, just a few 3D structures could*Corresponding author. Present address: Institute of Enzymology,
Karolina u´t 29, H-1113 Budapest, Hungary. Fax: +36 1 4665465.
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doi:10.1016/j.febslet.2007.09.005locate this critical segment and unfortunately, these structures
did not represent the catalytically competent conformations of
the nucleotide ligands, thereby excluding the possibility of
mechanistic interpretations [7,10,13,14]. Lack of a robust
expression system for any physiological isoform of the human
enzyme impeded further progress and necessitated the present
study.
We cloned the nuclear isoform of human dUTPase into a
high-yield bacterial expression system. The crystal structure
of the enzyme in complex with the non-hydrolysable substrate
analogue a,b-iminodUTP:Mg was determined and allowed
analysis of the full-length C-terminal segment. Solution studies
by limited proteolysis and calorimetry were complemented by
a novel construct with a highly sensitive tryptophan sensor
within the C-terminus. Results suggest that the C-terminal seg-
ment may contribute to initiation of catalysis and, in contrast
to the Escherichia coli enzyme, forms important interactions
with both the substrate and the product. The Trp sensor con-
struct is proposed to be used for high-throughput ligand bind-
ing assays necessary for drug optimisation.2. Materials and methods
2.1. Cloning and mutagenesis
The cDNA encoding the nuclear isoform of human dUTPase (a kind
gift from Bob Ladner [15]) was cloned into pET3a by conventional
PCR ampliﬁcation. The resulting DUT-N-pET-3a plasmid was subse-
quently recloned to obtain the N-terminally His-tagged dUTPase
(His-DUT-N) wherein the Phe158Trp mutation was introduced by
Quikchange (Stratagene) using adequate primers (cf. Supplementary).
Cloning was checked by DNA sequencing on both strands. Protein
was expressed and puriﬁed as described previously [11] also using the
NiNTA protocol (Novagen) for the His-tagged constructs. Protein
concentration was measured using the molar extinction coeﬃcient cal-
culated from the amino acid composition for the monomer
e280 nm = 10430 M
1 cm1 (or 15930 M1 cm1, for Phe158Trp
mutant).
Enzyme activity was measured according to [16]. Catalytic rate con-
stants were determined to be 8 ± 3 s1, with no observable change for
wild-type His-tagged and Phe158Trp mutant His-tagged species.
Limited tryptic digestion was carried out at 25 C, using 28 lM dUT-
Pase concentration and 1:250 (w/w) trypsin:dUTPase ratio in 10 mM
sodium-phosphate buﬀer, pH 7.5, containing 150 mM NaCl, 5 mM
MgCl2 and saturating concentrations of ligands, if present.
Diﬀerential scanning microcalorimetry was performed using a Micro-
cal VP-DSC between 20 and 80 C at a scan rate of 1 C/min on 12 lM
dUTPase sample in 20 mM TES, 0.3 M NaCl, 1 mM dithiothreitol,
5 mM MgCl2, pH 7.5 buﬀer.blished by Elsevier B.V. All rights reserved.
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20 C on a Microcal VP-ITC instrument. 270 lM protein in 20 mM
HEPES, 1 mM MgCl2, 150 mM NaCl, pH 7.5 buﬀer was titrated with
3–16 ll aliquots from a stock solution of 2.2 mM a,b-iminodUTP.
Fluorimetric studies were carried out on a Jobin Yvon Spex Fluoro-
max-3 spectroﬂuorimeter at 20 C, with excitation at 295 nm (slit
2 nm), emission between 300 and 450 nm (slit 5 nm). Phe158Trp mu-
tant dUTPase at 1 lM in 20 mM Tris/HCl, 1 mM MgCl2 and
150 mM NaCl, pH 7.5 buﬀer was measured and titrated by addition
of 1–2 ll aliquots from concentrated stock nucleotide solutions.
Mass spectrometry. Data were collected on a MALDI-TOF mass
spectrometer (Reﬂex III, Bruker, Bremen, Germany) (cf. [9,11] and
Supplementary material).
N-terminal microsequencing was carried out using the pulsed-liquid
phase sequencer ABI 471A of Applied Biosystems, Inc., USA as in
[11].
Crystallization and crystallography. dUTPase (282 lM), 1.25 mM
a,b-iminodUTP and 10 mMMgCl2 in 10 mM Tris/HCl, 50 mM NaCl,
and 0.1 mM TCEP, pH 7.0 buﬀer was mixed with reservoir solution
containing 0.1 M Na–HEPES buﬀer, pH 7.5 and 18–20% PEG3350
to generate a rhombohedral crystal. Structure of the dUTPase:a,b-imi-
nodUTP:Mg complex was solved by molecular replacement (MOL-
REP [17]) using a truncated model of the apodUTPase trimer [7]
(PDB ID:1Q5U). Electron density for the C-terminal arm of molecule
A was clearly visible already in the initial map. The other two subunits
of the trimer showed very weak initial densities for residues 147–164.
After building of the C-terminus of subunit A, the corresponding res-
idues for molecule B were visualized, and repeated building and reﬁne-
ment steps provided satisfactory ﬁts of these residues (B147–B164) to
the observed density. However, the later residues are characterized
with relatively high B-factors in the reﬁned model (29.1–58.2, to be
compared with the average temperature factor of 20.2 for the whole
structure and with corresponding values of chain A: 11.6–29.1), argu-Fig. 1. 3D structure of the human dUTPase:a,b-iminodUTP:Mg complex. C
molecules and Mg-ions shown in ball-and-stick model (yellow carbons an
rectangles indicate regions shown in detail on panels C–E. (B) Superimposed l
iminodUTP:Mg (green), Escherichia coli dUTPase:a,b-iminodUTP:Mg (red)
that the phosphate chain conformation of the ligand in the presently determin
Interactions of the C-term tail with the ligand molecule. The C-terminal segm
model. Ligand carbons are in yellow, protein carbons according to subun
presented with ribbon model and transparent surface of the protein core. H-
interactions formed between the C-terminus and the phosphate chain of the
with the dUMP moiety. For panels (D) Close-up of the interactions formed
ligand, graphic representation as in panel C.ing for substantially higher mobility of this C-terminal arm. The C-ter-
minus of molecule C (C147–C164) was not possible to build, even in
the ﬁnal maps. We have to note, however, that water molecules 200–
210 roughly trace this part of the C chain. Phe158 from the C mono-
mer is well visible, suggesting that lack of residues C147–C164 was not
due to cleavage or exclusion by crystal contacts, but rather originates
in more pronounced ﬂexibility. In the ﬁnal reﬁned structure, careful
comparative investigations of crystal packing interactions did not re-
veal any signiﬁcant diﬀerences around the three C-terminal regions,
reinforcing the conclusion that the asymmetry in C-terminus localiza-
tion is not due to artefacts but may indicate increased conformational
freedom of this segment, cf. also similar results in the previously depos-
ited liganded human dUTPase structure PDB ID:1Q5U. Coordinates
and structure factor data have been deposited in the Protein Data
Bank with accession code 2HQU. Figures were produced using Pymol
[18].3. Results and discussion
3.1. Three-dimensional structural analysis
The overall protein fold of the present structure (resolution
2.2 A˚) agrees with earlier studies: three b-pleated monomers
form an intricately organized homotrimer by C-terminal arm
swapping (Fig. 1A). Novel features, previously not accessible,
also emerge: (i) the full-length C-terminal region is visualized
for two monomers and (ii) the structure contains an isosteric
substrate analogue (a,b-imino-dUTP) in the catalytically com-
petent gauche conformation, as well as Mg2+ (Fig. 1B) [13,14].
Mg2+ accommodation is provided by one oxygen from each ofolour-coded ribbon models of the subunits are presented with ligand
d otherwise atomic colouring). (A) Overall 3D structure. Coloured
igand molecules as bound in the active sites of the human dUTPase:a,b-
and inactive E. coli mutant dUTPase:dUTP:Mg (blue) complexes. Note
ed structure presents the catalytically competent conformation [13]. (C)
ent of monomer A is shown, with residues and ligand in ball-and-stick
it colours, other atoms with atomic colouring. Rest of the protein is
bonding interactions are in dashed lines. Note the extensive number of
ligand that is in contrast to the limited number of interactions formed
by Arg153 and (E) b-turns accommodating the phosphate chain of the
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molecules, similar to the previous report on E. coli dUTPase
[13]. Previously, only one structure visualized the entire C-ter-
minus [10] and a single liganded human dUTPase structure
was deposited [7]. Both lacked the nucleotide c-phosphate
group and the co-factor Mg2+ and represented mechanistically
irrelevant ligand conformation (trans conﬁguration of aP,
unavailable for nucleophilic attack [13,14]), precluding true
mechanistic insights.
Fig. 1C shows that only two interactions are present between
the C-terminal tail and the dUMP moiety: (i) the Phe158 ring
stacks over the uracil ring, and (ii) the Phe158 amide N H-
bonds with the deoxyribose ring. In contrast, numerous con-
tacts link the pyrophosphate leaving group to the C-terminus,
suggesting its preferred localization upon substrate binding.
Main chain atoms of residues 159–161 form H-bonds to the
b- and c-phosphates. Arg153 contributes to neutralization of
the c phosphate negative charge, in agreement with its essential
role [9]. Arg153 also forms H-bonding with Ser42 of Motif 2
from the other subunit (Fig. 1D); this interaction helps to
localize Arg153 to the core of the protein. The guanidino
group approaches the main chain Gly156 O atom to form a
small loop that may direct the ﬂexible Arg side chain for func-
tional interactions with the phosphates. An additional H-bond
between Gly156 main chain N and Arg153 main chain O sta-
bilizes this loop in a proper conformation (Fig. 1D).
For the ﬁrst time, the role of the conserved Ser/Thr residues
(Ser160 and Thr161), suggested to be of importance [12], can
be analyzed (Fig. 1C). The hydroxyl groups of these residues
form H-bonds with the two oxygen atoms of c-phosphate
not involved in chelating Mg2+. Interestingly, Thr161 and
Gly162 from one monomer also contact the side chains ofFig. 2. Localization of the C-terminus (panels A–C) and superimposed acti
simulated annealed composite omit maps are shown at 0.8 sigma contour leve
the same orientation. Residues of the C-terminal arms are shown in ball-an
protein. For subunit ‘‘C’’, water molecules approximately tracing the arm o
residues are labelled for orientation purposes. Panel D. The three subunits w
Representative active site residues from the conserved motifs are shown toge
according to subunits, nucleotides are shown with atomic colouring (carbonArg85 and Arg128, the conserved arginines from Motifs 2
and 4 from the neighbouring monomer involved in the active
site. These interactions contribute to a ﬁne-tuned charge distri-
bution around the active site and also link the C-terminus of
one monomer to residues in the other monomer within the core
of the trimer. The Ser160N–Gly157O and Gly159O–Gly162N
interactions shape two consecutive Type I turns for c-phos-
phate accommodation (Fig. 1E).
The many contacts of the pyrophosphate group with the C-
terminus are in contrast with its few interactions with the core
of the trimer (H-bonding to an Arg85 side chain and to Gly87
main chain N). The Mg-ion is tightly bound to the phosphate
chain, but contacts protein residues only indirectly via water
molecules. These data may suggest that the pyrophosphate:Mg
complex probably exits the active site with support from the
ﬂexible C-terminus.
Ordering of the C-terminal arms is not equivalent within the
three monomers (Figs. 1A and 2): two of these arms are asso-
ciated with appreciable electron densities (‘‘closed’’ active
sites), while the third cannot be localized. Similar asymmetry
was already observed (PDB ID:1Q5U [7]). Detailed analysis
of crystal packing interactions did not reveal any diﬀerence
that may have resulted in this asymmetry. We interpret this re-
sult by assuming increased conformational freedom for the C-
terminal residues. No signiﬁcant alterations in conformation
of active site residues or the nucleotide ligand could be ob-
served when the three subunits were superimposed (Fig. 2D).
However, the closed/open character of the active site is in clear
correlation with the distance between the attacking nucleophile
water oxygen and the substrate aP atom (2.77 and 2.79 vs.
3.23 A˚) (Fig. 3). This correlation argues for a major role of
arm-closure in facilitating approach of the reactant atomsve sites in the three subunits (panel D). Panels A, B, and C. 2Fo–Fc
l for the C-terminal region (147–164) of the three subunits, displayed at
d-stick model while ribbon representation is used for the rest of the
f molecule C are also shown as red balls (panel C). In panel A, some
ere superimposed using all atoms present in all the three monomers.
ther with the nucleotide ligand and magnesium. Residues are coloured
colour according to subunits, magnesium is gray).
Fig. 3. Arm closure correlates to decreased distance between reactant
atoms. Ligand molecules, Mg-ions and Wcat molecules are presented in
ball-and-stick within the protein ribbon. Observe the correlation
between arm closure and shortening of the aP–Wcat distance.
Fig. 4. Ligand-induced conformational changes followed by limited
proteolysis. (A) Primary structure of human dUTPase (nuclear
isoform). The His-tagged construct additionally contains the
MGSSHHHHHHSSGLVPRGSH segment at the N-terminus. The
three tryptic sites (in order of decreasing sensitivity: Arg15, Arg153,
and Arg44) identiﬁed by mass spectrometry are marked with arrows.
Block arrows at the sites Arg44 and Arg153 represent protection
exerted by both a,b-iminodUTP and dUMP. The ﬁve highly conserved
motifs are boxed. Grey background indicates ﬁve residues of the ﬁrst
two tryptic fragments (I and II) as identiﬁed by N-terminal microse-
quencing. (B) Time course of trypsinolysis followed by enzyme activity
measurements. Graphs show loss of enzymatic activity due to an
apparent ﬁrst order reaction (cf. text and Supplementary material).
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and phosphorus is 3.32 A˚ [19], i.e. signiﬁcantly larger than ob-
served in the closed active sites. Therefore, the present struc-
ture may represent a near-attack conformation approaching
the intermediate of the reaction that is initiated by the nucleo-
philic attack of the incoming water oxygen atom on the aP
[13]. No such observations could be made previously as struc-
tures lacked key components of the catalytically competent en-
zyme–substrate complex precluding identiﬁcation of the
nucleophile, and since the gauche conformation of the aP
and the presence of the Mg2+ cofactor does not necessarily al-
low ordering of the C-terminal arm [20].
3.2. Conformational studies in solution
In order to check folding and stability of the recombinant
protein, diﬀerential scanning calorimetry was applied
[11,21,22]. Melting temperature was found to be 61.7 C, clo-
sely similar to the value obtained for Drosophila melanogaster
or Plasmodium falciparum dUTPases (56.5 C and 63.8 C,
respectively) and considerably lower than for E. coli dUTPase
(74.7 C), indicating decreased stability of eukaryotic dUTPas-
es [21,22]. Lower thermostability may be partially due to in-
creased ﬂexibility of N- and C-terminal segments. In fact, the
N-terminus could not be localized in the 3D structure, and
for one monomer, the C-terminus was also missing from the
density maps. To analyze conformational shifts of these ﬂexi-
ble segments possibly induced by substrate/product binding,
limited proteolysis experiments were performed.
Limited proteolysis reaction mixtures revealed three tryptic
sites (Fig. 4A). Masses at MH+ = 16131 ± 3 and 15181 ± 3,
corresponding to fragments [16–164] and [16–153], respec-
tively, appeared after 3 min of digestion. N-terminal microse-
quencing of these fragments conﬁrmed cleavage site at Arg15
with ARPAE starting sequence. Cleavage at Arg15 was com-
plete within 3–5 min of trypsinolysis and occurred even spon-
taneously in stock solutions, either in the absence or
presence of nucleotides, suggesting that the N-terminal region
is rather ﬂexible and does not participate in nucleotide accom-
modation. On the contrary, binding of either a,b-imino-dUTP
or dUMP exerted protection against cleavage at Arg153.
Exclusively in the apo-enzyme, a third tryptic site was found
at Arg44. This residue is located close to the nucleotide binding
pocket; ligand binding may therefore induce a local subtle con-formational change around this region resulting in protection
against trypsinolysis.
Enzymatic activity decrease during trypsinolysis followed an
apparent ﬁrst order reaction (with rate constants 0.0260,
0.0138, and 0.0023 min1 for apodUTPase, dUTPase:dUMP,
and dUTPase:a,b-iminodUTP complexes, respectively, cf.
Fig. 4B and Supplementary Table II), in agreement with the
rate estimated from MS results for cleavage at Arg153.
Remaining activity is in good correlation with the amount of
fragment [16–164] (data not shown), indicating the C-terminus
is essential for activity (cf. [8,9]). The more pronounced protec-
tive eﬀect of the substrate analogue suggests a diﬀerent confor-
mation of this region for the enzyme–substrate analogue as
compared to the enzyme–product complex.
3.3. Equilibrium binding studies
Dissociation constant of the dUTPase:a,b-iminodUTP com-
plex was determined to be 7.2 lM by titration calorimetry
(Fig. 5A), considerably lower than for homologous enzymes
[8,9]. Stoichiometry data (around 0.6) indicated potential pro-
tein destabilisation during the lengthy calorimetric experiment.
In order to design a fast and sensitive assay for ligand binding
to the active site pocket, we mutated the Phe158 residue to
Trp, and thus obtained a highly sensitive ﬂuorescent label
within the C-terminus, with no apparent change in kcat. Ligand
binding induced quenching of Trp ﬂuorescence allowed deter-
Fig. 5. Equilibrium ligand binding followed by isothermal titration calorimetry (A) and ﬂuorimetry (B–D). (A) Data were ﬁtted to ‘‘one type of
sites’’ model using the MicroCal program. (B) Fluorescent spectra of unliganded dUTPase (straight line), dUTPase:a,b-imino-dUTP complex
(dashed line) and dUTPase:dUMP complex (dash dotted line) (C, D) Relative ﬂuorescent intensity data were ﬁtted to the simplest model of 1:1
stoichiometry (see [8] for equation).
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26.3 ± 2.8 lM for dUMP), with 1:1 stoichiometry for each
subunit (Fig. 5B–D). Trp quenching is signiﬁcantly larger in
the enzyme:a,b-iminodUTP complex, arguing for diﬀerent C-
terminus conformations in the two nucleotide binding states,
in agreement with trypsinolysis results. Binding strength of
the substrate analogue to the human enzyme is very similar
to the E. coli protein, but product binding is much stronger
in the human enzyme than in the bacterial protein (cf. Supple-
mentary Table III).4. Conclusions
The 3D crystal structure reveals the coordinating role of the
conserved C-terminal arm with high reliability and in-depth
details. Flexibility of the C-terminus was diﬀerent in the three
active sites of the enzyme allowing comparison of closed and
open active sites in the same homotrimer and suggesting a role
for ordering of the C-terminus in facilitating approach of the
reactant atoms. The Trp label in the C-terminal segment is
proposed to be exploited in detailed mechanistic studies and
for fast and quantitative screens for ligand binding to the ac-
tive site region of human dUTPase.
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